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ABSTRACT

During several Active Aeroelastic Wing research flights, the shadow of the over-wing shock could be
observed because of natural lighting conditions. As the plane accelerated, the shock location moved aft,
and as the shadow passed the aileron and trailing-edge flap hinge lines, their associated hinge moments
were substantially affected. The observation of the dominant effect of shock location on aft control
surface hinge moments led to this investigation. This report investigates the effect of over-wing shock
location on wing loads through flight-measured data and analytical predictions. Wing-root and wing-fold
bending moment and torque and leading- and trailing-edge hinge moments have been measured in flight
using calibrated strain gages. These same loads have been predicted using a computational fluid
dynamics code called the Euler Navier-Stokes Three Dimensional Aeroelastic Code. The computational
fluid dynamics study was based on the elastically deformed shape estimated by a twist model, which in
turn was derived from in-flight-measured wing deflections provided by a flight deflection measurement
system. During level transonic flight, the shock location dominated the wing trailing-edge control surface
hinge moments. The computational fluid dynamics analysis based on the shape provided by the flight
deflection measurement system produced very similar results and substantially correlated with the

measured loads data.

NOMENCLATURE

AAW Active Aeroelastic Wing
AIL aileron
Cp coefficient of drag
CL coefficient of lift
C, coefficient of moment
CFD computational fluid dynamics

-cfd  loads calculated using computational fluid dynamics
CS control surface
deg degree
ENS3DAE  Euler Navier-Stokes Three Dimensional Aeroelastic Code
F, longitudinal force, 1b
F y lateral force, Ib
F, normal force, 1b
FDMS flight deflection measurement system
It loads measured during flight

-ib control surface inboard position measured during flight, deg
ILEF inboard leading-edge flap
LAIL left aileron
LAIL CR1 left aileron criticality ratio (percent of load limit), prime



LILEF left inboard leading-edge flap
LITEF CR1 left inboard trailing-edge flap criticality ratio (percent of load limit), prime
LOLEF left outboard leading-edge flap
LSTAB left stabilator (horizontal, “rolling” tail)
LTEF left trailing-edge flap
LWFBND left wing-fold bending moment, in.-1b
LWFTRQ left wing-fold torque, in.-1b
LWING left wing
LWRBND left wing-root bending moment, in.-1b
LWRTRQ left wing-root torque, in.-1b
M Mach number
M free-stream Mach number
-ob  control surface outboard position measured during flight, deg
OLEF outboard leading-edge flap
RAIL CR1  right aileron criticality ratio, prime
RITEF CR1 right inboard trailing-edge flap criticality ratio (percent of load limit), prime
TEF trailing-edge flap
X, longitudinal centroid location, in.
Y. lateral centroid location, in.
Z,. vertical centroid location, in.
o angle of attack, deg

INTRODUCTION

For over a decade it has been proposed that wing torsional flexibility could be used to aeroelastically
enhance the roll maneuverability of a high performance aircraft. Although aeroelastic control behavior
related to aileron reversal has, as a rule, always been avoided even at the expense of additional structural
weight, it offers significant benefits when incorporated as a preprogrammed control mode. It has been
proposed that if the aeroelastic control paradigm was designed into a new airframe, then lighter weight,
increased maneuverability, and other advantages could be exploited (refs. 1-3).

The early version of the F/A-18 aircraft had the potential for aileron reversal within its performance
envelope. Production F/A-18 aircraft were built with stiffer wings to preclude this tendency and increase
roll performance through conventional wing control surface use (refs. 4, 5). The NASA Active
Aeroelastic Wing (AAW) F/A-18 aircraft (fig. 1) has been structurally modified to support aeroelastic
flight control research. The aft wing box skins were replaced with more flexible panels to essentially
replicate the stiffness of the original preproduction F/A-18 aircraft. The aircraft was extensively

2



instrumented for this research effort, including the installation of numerous strain gage bridges,
accelerometers, and control surface position transducers on the wings. A wing deflection measurement
system was installed on the left wing to track elastic structural displacements. An over-the-wing video
camera provided real-time imagery of the upper surface of the left wing. Flight loads measured by the
strain gages were monitored in real time for flight safety.

EC02-0264-19

Figure 1. Active Aeroelastic Wing aircraft in flight.

When transonic conditions were experienced during the first flight block of the AAW (ref. 6), natural
lighting conditions occasionally were such that the over-wing shock on the left wing was visible on the
real-time flight video image. As the Mach number changed, this shock wave translated across the wing.
These natural shadowgraphs have been noticed by flyers since the 1940s (ref. 7). Two successive times
during an observable shock wave occurrence, as the shock wave translated past a certain point on the
wing, the trailing-edge hinge moments abruptly offset from their previous levels.

This report investigates these shock location dominated transonic flight loads. The measurement of
AAW flight loads, prediction of flight loads and shock locations, and natural flow visualization of the
over-wing shock wave are discussed. Predicted and measured shock-induced loads are compared
and contrasted.

MEASUREMENTS AND OBSERVATIONS

The AAW project was designed with substantial load measurement features so that the full strength
envelope of the test aircraft could be exploited. As significant aeroelastic behavior was targeted, real-time
wing deflection measurement was planned. Many other research measurements were included.



Flight load measurement was accomplished through the use of 200 four-active-arm strain gage
bridges installed on the test wings. These strain gages were calibrated through an extensive ground loads
calibration test (ref. 8). Twenty component load measurements (fig. 2) were measured on the AAW from
the installed strain gages and the application of the corresponding load equations. During the AAW flight
tests, the loads measured by the strain gages were monitored in real time and recorded on the ground.
Wing deflection measurement was provided through the installation of an electro-optical flight deflection
measurement system (FDMS) (refs. 9-12) on the left wing. Aircraft state parameters and various video
signals also were monitored and recorded for the purpose of research and general situational awareness.
The upper surface of the left wing was imaged by one of the onboard video cameras. This video was
useful for research augmentation to the FDMS (ref. 13) and for occasional viewing of over-wing shock
wave indications.

Video camera ® Shear force
field of view —»» Moment
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Figure 2. Active Aeroelastic Wing measured loads.

Figure 3 shows a time history of the left and right aileron and trailing-edge flap hinge moments for
the time interval during a transonic level acceleration. The left and right aileron data closely agree as do
the left and right trailing-edge flap data sets. Of interest is the significant change in aileron hinge moment
starting at 0.5 seconds into the time record closely followed by a similar change in the trailing-edge flap
hinge moment. The cause of these hinge moment offsets, discovered through the use of real-time video
data, was the progressive translation of the over-wing shock wave first across the aileron hinge line and
then across the trailing-edge flap hinge line. Figure 4 presents a composite photo produced from three
still frames clipped from the wing video signal. This video based information corresponds to the
measured load data shown in figure 3. The three shock wave shadows were circled at Mach 0.94
(orange), 0.95 (magenta), and 0.96 (blue) for clarity, because the shadows are more difficult to see in a
still photo than in the moving video image. As Mach number increased, the shock location, as indicated
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by the visible shadow, translated aft. The aileron hinge moment drop occurred at Mach 0.95, and the
trailing-edge flap hinge moment was similarly affected at Mach 0.96.

- ; O LAILCR1

.F_;‘) e /—Trailing-edge flap O RAILCR1

8 for L N /" hinge moment offset A LITEFCR1
2,

5 R \\ < RITEFCR1"

- T

[]

£

o

£

o

<)

£

1

" moment offset

12:27:47.5 PM 12:27:50.0 PM 12:27:52.5 PM 12:27:55.0 PM 12:27:57.5 PM 12:28:00.0 PM
1/1/04

Time, s
050384

Figure 3. Measured aileron and trailing-edge flap hinge moments during shock translation.

ED03-0198-01

Figure 4. Composite of three over-wing video frames showing shock wave shadow locations at three
Mach numbers.

The observation of the relationship between over-wing shock wave location and measured control
surface hinge moments prompted further study by means of current computational fluid dynamics (CFD)
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tools. Wing elastic shape information measured in flight enabled the study of the aircraft acrodynamics
resulting from the deformed condition.

COMPUTATIONAL METHODOLOGY

A CFD code called the Euler Navier-Stokes Three Dimensional Aeroelastic Code (ENS3DAE)
(ref. 14) was employed to calculate wing upper and lower surface pressures. The aerodynamic analysis
procedure employed by ENS3DAE uses an implicit finite difference algorithm to integrate either the
Euler or Navier-Stokes equations in general nonorthogonal curvilinear coordinates. The equations are
solved using a spatially varying time step for steady-state computations.

Time and budget had to be balanced with physical accuracy considerations. Therefore, the choice was
made to run the CFD in an inviscid mode on the wing only with reflective boundary conditions, and with
no free edges between the control surfaces. This approach was considered adequate for capturing the
shocks associated with transonic flow behavior; however, viscous effects, “scissor” effects between
control surfaces, and fuselage-wing leading-edge extension boundary condition effects at the wing root
were not modeled.

As shown in figure 5, wing pressure distribution predictions were developed using a combination of
tools. The CFD code was coupled with data measured during flight, which included control surface
deflections and wing elastic deformations from the FDMS. The wing elastic deformations measured by
the FDMS were characterized and carried into the CFD grid through the use of a twist algorithm (ref. 15)
as an intermediary process. The FDMS was considered a more accurate, time saving, and convenient
method of representing the structure (than finite element modeling prediction) for coupled interaction
with the CFD aerodynamics.

| Flight data | |Actual loads

Y

| CS deflections |

M O Deformation

Y Y

ENS3DAE . Restart | ENS3DAE -
Rigid CFD »1 Rigid loads > FDMS CFD > FDMS loads
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Figure 5. Flowchart of modeling, analysis, and experimental results comparison.

Referring again to figure 5, note that the CFD initially was run on the wing in its rigid or “jig shape”
geometry (zero control surface deflections and elastic wing-box deformations), producing a set of loads
for each Mach number ranging from 0.92 to 0.99 in increments of 0.01. These solutions were used as
restart conditions for the elastic, in-flight configuration of the wing, which produced a set of elastic loads
for comparison with those measured in flight. In-house code was written to project the control surface
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and wing elastic deformations onto the CFD grid for the FDMS—CFD runs. The control surface
deflections were input using the measured inboard and outboard deflection angles of each surface, with
spanwise deflection varying linearly between the inboard and outboard edges. The angle of attack was
constant with Mach number, reflecting the data measured in flight. The effect of stabilator (horizontal

tail) position also was noted with regard to its influence on the upwash on the trailing-edge flap and the
total aircraft lift.

Figure 6 shows the surface of the CFD grid used to model the AAW wing, with control surface
boundaries demarcated. Figures 7 and 8 show the typical residual and force convergence histories,
respectively, produced by the CFD analysis. The rigid CFD was run for 20,000 iterations, producing
excellent convergence as evidenced by the time histories from iterations 15,000 to 20,000. The
FDMS-CFD was run for 10,000 iterations, from 20,001 to 30,000. Figure 7 shows excellent residual
convergence occurring from iteration 27,000 onward, and figure 8 shows a global force convergence
(wing total C;, Cp, C,,, and so forth) occurring somewhat sooner. Residual convergence was used as the
governing convergence decision, thereby ensuring local force convergence. Local force convergence
ensures converged solutions for the individual control surface, wing-root, and wing-fold loads. The

results for the Mach 0.97 case are shown. This particular Mach number will be used to compare the rigid
CFD to the FDMS—CFD for the typical case.
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Figure 6. Surface of the computational fluid dynamics grid used to model the Active Aeroelastic Wing.
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Figure 7. Typical residual convergence of the computational fluid dynamics model of the Active
Aeroelastic Wing.
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Figure 8. Typical force convergence of the computational fluid dynamics model of the Active Aeroelastic
Wing.



RESULTS

This research allows several comparisons to be made. The rigid CFD can be compared to the
FDMS-based elastic CFD. The CFD results can be compared to flight-measured data. Further, the
influence of modeling features may be noted.

Comparison of Rigid CFD to FDMS-CFD

Figures 9 and 10 show the resulting upper and lower wing surface pressure distributions (units psi),
respectively, for a typical rigid CFD run. Figures 11 and 12 show the upper and lower wing surface
pressures, respectively, for the FDMS—CFD. The contour scale is identical for all four figures, with a
minimum (blue) to maximum (red) spectrum. A comparison between figures 9 and 11 shows that a much
lower downward pressure occurred on the FDMS—CFD upper surface, particularly for the trailing-edge
surfaces. Conversely, figures 10 and 12 show that a much higher upward pressure occurred on the
FDMS-CFD lower surface, especially for the trailing-edge surfaces. These same trends, which account
for the much higher lift (and loads) produced by the FDMS—CFD, also are evident to a somewhat lesser
extent outboard of the wing fold. Figure 13, which shows the wing surface deflection contours measured
by the FDMS (in inches), provides an explanation for these differences in surface pressure distributions.
Imposing small leading-edge flap deflections and larger trailing-edge downward deflections, coupled
with high bending and twist deflections outboard of the wing fold, naturally produce these changes in
surface pressure because of the fluid-structure interaction typical of nonlinear aeroelastic systems.

Flow Y
z ——1.;(
X

Blue = Minimum pressure
Red = Maximum pressure

AL TEF 050390

Figure 9. Undeflected wing upper surface pressure contour, Mach 0.97.
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Figure 10. Undeflected wing lower surface pressure contour, Mach 0.97.
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Figure 11. Flight deflection measurement system: deflected wing upper surface pressure contour,
Mach 0.97.
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Flow
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Figure 12. Flight deflection measurement system: deflected wing lower surface pressure contour,
Mach 0.97.
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Figure 13. Flight deflection measurement system: measured deflection contour for the left upper wing
surface, Mach 0.97.
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A comparison of the flight research video and rigid CFD predicted surface pressure distributions
shows general agreement and supports the interpretation that the shock translation directly caused the
significant load change observed in the trailing-edge control surface hinge moments. This general
agreement is qualitative, because the CFD predicted shock magnitudes and locations for each Mach
number do not match those shown for the trailing-edge surfaces in figures 3 and 4. Figures 14 and 15
show the resultant (lower minus upper) pressure distributions for the rigid CFD cases and FDMS—CFD
cases, respectively. The contour scale is identical for both cases, with a symmetric, downward (blue) to
upward (red) spectrum. These results show both the extreme pressure magnitudes and matching Mach
numbers, Mach 0.95 (higher pressure) and 0.99 (lower pressure), for the left trailing-edge flap (LTEF),
and Mach 0.96 for the left aileron (LAIL) for the transonic shock wave depicted in figures 3 and 4.
Further analysis of the results and flight research data is expected to verify this observation.

Blue = Minimum pressure

Altit =18.5k ft, o0 = 0.52 , M =0.92-0. X
itude = 18.5 0.520 deg 0.92-0.99 Red = Maximum pressure

Flow Flow
I ! 0.92 M ! ! 0.93 M

Flow Flow
I | 0.96 M I | 0.97 M

Figure 14. Rigid computational fluid dynamics resultant pressure distributions.
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Altitude = 18.5k ft, o = 0.520 deg, M = 0.92-0.99 Blue = Minimum pressure
Red = Maximum pressure

Flow

+0.95 M

Flow
0.94 M

|

Figure 15. Flight deflection measurement system computational fluid dynamics resultant pressure
distributions.

Comparison of CFD Analysis to Flight-Measured Data

For each Mach number, the surface pressure distributions shown in figures 9-12 were integrated over
each control surface, in addition to the inboard and outboard wing boxes, to produce a set of forces (F),,
F\, F;) and centroids (X, Y., Z.). The cross product of these forces and their respective moment arms
rendered a hinge moment for each of the four control surfaces, and values for shear, bending, and torque
at the wing fold and wing root. Eight of these ten loads (wing-root and wing-fold shears excluded), in
addition to the total lift generated by the wing, then were compared to those measured during
flight research.

Figure 16 shows the left wing trailing-edge flap deflections, which were measured at both the inboard
and outboard edges of all wing control surfaces. Because the control surface transmissions are inboard
mounted, their outboard deflections are more “free” to deflect under aerodynamic pressure loading. The
corresponding extreme outboard deflections at Mach 0.95 and 0.99 for the LTEF-0b and Mach 0.96 for
the LAIL-o0b reinforce the FDMS—CFD resultant pressure distributions shown in figure 15.
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Figure 16. Left wing trailing-edge flap deflections.

Figure 17 shows the FDMS—CFD calculated centroids of the resultant aeroelastic forces on the wing
and control surfaces. These results make physical sense, given that the centroid locations (1) move aft
with increasing Mach number, and (2) are located within the wing and control surface boundaries.
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Figure 17. Left wing box and control surface load centroid locations.
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Figure 18 compares the measured left inboard leading-edge flap (LILEF) and left outboard
leading-edge flap (LOLEF) hinge moments with those calculated using the FDMS—CFD. Excellent
agreement was achieved with the LOLEF hinge moment, whereas the measured LILEF hinge moment
magnitudes are less than those predicted but have the same general increasing trend. This discrepancy
may be best explained by the fact that the CFD model does not include the (1) F/A-18 leading-edge
extension, (2) fuselage for flow field boundary conditions, and (3) flow fence representation. The
function of the flow fences on the F/A-18 aircraft is to move vortices away from the vertical tails to
avoid buffet.

2 5% sio8 Jak 44a § —O— LILEFn
] —@— LILEF-cfd

—-A— - LOLEF-flt

§®§ — -~ LOLEF-cfd

Hinge moment, normalized
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-1.00
0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

Mach number
050399

Figure 18. Left inboard and outboard leading-edge flap control surface hinge moments.

As shown in figure 19, even less agreement, both qualitative and quantitative, was achieved for the
LTEF hinge moment. The three explanations for the LILEF discrepancy also apply to the LTEF
discrepancy, and their effects are magnified when the position of the LTEF farther aft in the flow field is
considered. Also highly important is the lack of a stabilator in the CFD modeling, because its interaction
with the LTEF is known to be highly coupled. The aerodynamic upwash from the stabilator on the
inboard portion of the wing resulting from their physical proximity is still evident at these transonic
conditions. The effect of the stabilator on the total lift force generated by the wing also was very high,
and this interaction was accounted for by coupling the FDMS—CFD with an assumed coefficient of lift
for the stabilator.
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Figure 19. Left trailing-edge flap control surface hinge moment.

Figure 20 compares the measured and predicted LAIL hinge moments. Similar to the LOLEF, the
load history of this outboard surface was very well predicted (both qualitatively and quantitatively) by
FDMS-CFD. Figures 21 and 22 compare the measured and predicted bending moment and torque at the
wing root and wing fold, respectively. Generally good qualitative and quantitative agreement was
achieved for the wing-root bending moments; the wing-fold bending moments were smaller in magnitude
than the wing-root bending moments.
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Figure 20. Left aileron control surface hinge moment.
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Figure 21. Left wing-root bending moment and torque comparison.
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Figure 22. Left wing-fold bending moment and torque comparison.

Importance of Stabilator Consideration When Modeling

Because this flight event was trimmed and nominally level, the FDMS—-CFD lift force generated by
the wing would be expected to remain constant with respect to Mach number. This relationship, however,
is not obvious. Figure 23 shows the left stabilator position, on which the air vehicle trim condition is
dependent, as a function of Mach number. The stabilator position varied throughout the maneuver.
Therefore, for understandable reasons, the FDMS—CFD generated history of the lift produced by the
wing also varied throughout the level acceleration. Figure 24 shows the total lift of the wing and the lift
force generated by the wing, in addition to that generated by the left stabilator when a constant stabilator
lift coefficient was assumed. The slight increase in overall lift force from Mach numbers 0.96 to 0.99 also
is reflected in an increase in altitude for those Mach numbers, as shown in figure 25. Therefore, although
this flight event was nominally level, the contribution to the total aircraft lift produced by the stabilator
was consistent with the slight variation in altitude during the maneuver time interval. The stabilator
position variation also has implications in understanding the trailing-edge flap predictions, as
previously discussed.
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I
—H— Left wing lift ‘ l ,,J
—-l-- Left wing + LSTAB lift -
| S el
8- ——— 5 -
® / \‘E
N
2 /E
) / \EB/
e
= /
f =4
il
0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

Mach number

050405

Figure 24. Flight deflection measurement system computational fluid dynamics lift force comparison.

19



19,000

18,900 +*

18,800

18,700 ¢ +

4+
= 18,600

»
18,500 Mwwvwwwww“‘““”

18,400

Altitude,

18,300

18,200

18,100

18,000
0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

Mach number
050406

Figure 25. Altitude as a function of Mach number.

CONCLUDING COMMENTS

In level transonic flight, the shock location dominated the wing trailing-edge control surface hinge
moments. The predictive method of the computational fluid dynamics (CFD) based on the elastic shape
provided by the flight deflection measurement system (FDMS) produced very similar results and
substantially correlated with the measured loads data. Specifically, the FDMS—CFD method qualitatively
and quantitatively represented the flight loads for the outboard control surfaces, and to a slightly lesser
extent for the wing-root moments. For inboard leading-edge surfaces and wing-fold moments on this
vehicle, however, the correlation was more qualitative. Moreover, the inboard trailing-edge control
surface predictions were the least accurate of those studied, lacking both qualitative and quantitative
agreement. These shortcomings in predictive performance have understandable physical explanations
that can be compensated for, however, if the computational expense of a full vehicle model is deemed
acceptable. In-flight video, which first captured the attention of the flight research engineers and was
confirmed through the measured data, sometimes has unexpected value.

Dryden Flight Research Center
National Aeronautics and Space Administration
Edwards, California, July 15, 2005
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